In order to find a highly sensitive fluorophore, 3-azolyl-7-diethylaminocoumarin derivatives were synthesized. Both the absorption and fluorescence maxima of the coumarin-thiazole compounds showed red shifts with increases of the molar absorptivities and fluorescence intensities, in comparison with those of the corresponding coumarin-oxazole compounds. Among them, 3-(5-ethoxycarbonyl-1,3-thiazol-2-yl) -7-diethylamino-2H-chromen-2-one (3e) was one of the most promising candidates as a fluorophore accessible for analytical purposes in the fields of analytical and biological chemistry.
Since fluorescence is highly sensitive to physicochemical environments, a variety of organic fluorescent compounds (fluorophores) have been widely used in many scientific fields, for example, as analytical tools such as fluorescent labeling reagents, 2) fluorescence probes, 3) fluorescence sensors, 4) and laser dyes. 5) However, the development of more highly sensitive fluorophores is still required.
In previous papers, we have shown that the introduction of a phenyl group at the 3-position of the coumarin ring causes bathochromic shifts in absorption and fluorescence maxima with increases in the molar absorptivity and fluorescence intensity. We developed 7-diethylamino-3-[4-(bromomethyl)-phenyl]-2H-chromen-2-one (MPAC-Br) 2a ) and 4-(7-diethylaminocoumarin-3-yl)benzoyl cyanide (DACB-CN) 1) which are among the most sensitive and practically useful fluorescent derivatization reagents for carboxylic acids and for alcohols, respectively. In order to develop more highly sensitive fluorophores, the introduction of an azole in the place of the phenyl group at the 3-position of a coumarin ring was considered.
There are a few examples of studies 6) on 3-(benzazol-2-yl)coumarin derivatives, but little is known about the systematic study of 3-azolyl-substituted coumarins. This paper deals with the syntheses and spectroscopic properties of 3-azolyl-7-diethylaminocoumarins as screening in our search for fluorophores.
Results and Discussion
Synthesis of Coumarin-oxazole Derivatives (2a-g, 4a-c, 5) Twenty-eight compounds, [F]-azole-R (2-8) were synthesized, in which [F] represented 7-diethylamino-2-oxo-2H-chromen-3-yl (i.e. 7-diethylaminocoumarin-3-yl) (Charts 1 and 2). 2-[F]-Oxazole-R, 2a and 2c-f were synthesized from 7-diethylaminocoumarin-3-carboxamide (9) and the corresponding a-halocarbonyl compounds, respectively, according to a modified method of Liu et al. 7) 2-[F]-Oxazole-R, 2b and 2g were prepared by cyclization of the corresponding aroylaminomethyl ketones (10a, 10b) with phosphorus oxychloride, respectively, according to Heinze's method. 8) 5-[F]-Oxazole-R 4a was obtained from 7-diethylaminocoumarin-3-carbaldehyde (11) and tosylmethyl isocyanide in the presence of potassium carbonate in poor yield. 5-[F]-Oxazole-R 4b and 4c were synthesized from 3-azidomethylcarbonylcoumarin (13) and benzoyl chloride or ethyl (chlorocarbonyl)formate, respectively. 4-(Coumarin-3-yl)-oxazole derivative 5 was prepared by condensation of a 3-bromoacetylcoumarin derivative (12) with benzamide in the presence of boron trifluoride etherate.
Synthesis of Coumarin-thiazole Derivatives (3a-h, 6a-c) 2-[F]-Thiazole-R 3a, 3b, and 3d-g were synthesized from 7-diethylaminocoumarin-3-carbothioamide (14) and the corresponding a-halocarbonyl compounds according to the modified methods of the oxazole synthesis described above. 2-[F]-Thiazole-R, 3c and 3h were prepared by condensation of the corresponding aroylaminomethyl ketones (10a, 10b) with phosphorus pentasulfide. 4-[F]-Thiazole-R, 6a-c, were prepared by condensation of 3-bromoacetylcoumarin derivative (12) with thioacetamide, ethyl thiooxamate, and thiobenzamide, respectively.
Synthesis of Coumarin-oxadiazole (7a-c) and Coumarin-thiadiazole Derivatives (8a-c) 2-[F]-Oxadiazole-R, 7a-c, were prepared by condensation of 7-diethylaminocoumarin-3-carbohydrazide (15) with ethyl orthoformate, trimethyl orthoacetate, and trimethyl orthobenzoate, respectively. Similarly, 2-[F]-thiadiazole-R, 8a-c, were obtained by condensation of coumarin-3-carbothiohydrazide (16) with ethyl orthoformate, trimethyl orthoacetate, and trimethyl orthobenzoate, respectively.
Absorption and Fluorescence Spectra Compound 1 was used as a standard sample for absorption and fluorescence spectra. The measurements of absorption and fluorescence spectra were carried out in ethanol solution at room temperature. Their spectroscopic properties, absorption maxima (l max ), molar absorptivities (e), fluorescence maxima (F.l max ), and the relative fluorescence intensities (RFI) are listed in Tables 1-3 . The fluorescence sensitivity may be represented by the fluorescence intensity, that is, a peakheight at the fluorescence maximum. (Table 1 and Table 2 ). Also, in comparison with [F]-diazole themselves, the l max 's and the F.l max 's of 8 appeared at longer wavelengths, together with larger e values and larger RFI's, compared with those of 7 (Table 3) . In comparison among parent compounds themselves (2-[F]-azole-H; 2a, 3a, 7a, and 8a), the bathochromic and hypsochromic effects on the l max and e value in the absorption spectra decreased in the order of 8aϾ3aϾ7aϾ2a, but the values of the F.l max and the RFI in the fluorescence spectra showed a tendency to decrease in the order of 3aм8aϾ2aм7a. In the fluorescence spectra of diazoles, the values of the F.l max of 7a and 8a were similar to those of 2a and 3a, respectively. Furthermore, as for the RFI of 2-[F]-diazole-H (7a, 8a), marked decreases were observed in comparison with those of the corresponding 2-[F]-azole-H (2a, 3a) .
Thus, the influence on the spectroscopic properties (l max , F.l max , e, RFI) of [F]-thiazoles was larger than those of [F]-oxazoles. This phenomenon may be explained in terms of the participation and delocalization of the lone pair of heteroatoms, predominantly p orbital electrons, on the basis of relative electronegativities of a sulfur and an oxygen atom. The extent of delocalization of the sulfur lone pair is larger than that of the oxygen one because of the higher nuclear charge of oxygen as compared with sulfur. Therefore, conjugation of the sulfur electrons with the four p electrons of the five-membered ring system is more complete than in the oxygen analogue. In addition, the low-lying d orbitals of sulfur play some role in the conjugation. As a result, thiazole compounds absorb at a longer wavelength than oxazole compounds. Such interpretation is put forward to explain the absorption spectra of five-membered heterocycles, in which thiophene absorbs at a longer wavelength than furan. Table 4) . The values of the l max 's, the F.l max 's, and the e's decreased in the order of 2-
, but the order of the RFI's was 4cϾ2gϾ2fϾ5. In [F]-thiazole-Ph, which is the sulfur analogue of the corresponding [F]-oxazole-Ph, a similar tendency was observed, in the order of 3hϾ3gϾ6c for the l max , the F.l max , and the e values, but in the order of 3gϭ3hϾ6c for the RFI. Thus, in 2g, 3h, and 4c, the presence of the conjugated system of a coumarin ring with a phenyl group through an azole ring was supported on the basis of their l max 's appearing at longer wavelengths. However, both 5 and 6c showed blue shifts in the l max 's and F.l max 's (5, l max 411 nm, F.l max 476 nm; 6c, l max 412 nm, F.l max 477 nm), compared with compounds 2 and 3. Also, in 6a-c which contain the sulfur analogue of 5, the l max 's and F.l max 's appeared at shorter wavelengths (l max 408-418 nm, F.l max 473-477 nm). Such blue shifts (hypsochromic effect) in the spectra of 5 and 6 seem to result from the conjugation of a coumarin ring with only a carboncarbon double bond moiety in an azole ring, not of the coumarin ring with a whole azole ring. iv) Influence of Methyl, Ethoxycarbonyl, and Phenyl Substituents on an Azole Ring In order to determine the influence of each substituent, the spectroscopic properties of [F]-oxazole-R and [F]-thiazole-R (RϭCOOC 2 H 5 , Ph, CH 3 ) were compared with those of the corresponding parent compounds [F]-azole-H, respectively. In the substituent, the influence of 5-substituted compounds (2-[F]-thiazole-5-R; 3a, 3c, 3e, 3h), the values of the l max 's and the e's decreased in the order of RϭCOOC 2 H 5 ϾPhϾCH 3 ϾH, but on the F.l max in the order of RϭCOOC 2 H 5 мPhϾHмCH 3 . In 4-substituted compounds (2-[F]-thiazole-4-R), a similar tendency was observed. Thus, the ethoxycarbonyl substituent had the largest influence on the absorption and fluorescence properties. As for the methyl substituent ([F]-azole-5-CH 3 ; 2b, 3c, 7b, and 8b), the spectral values were either the same or slightly larger than those of the parent compounds (2a, 3a, 7a, 8a), respectively. In addition, a methyl group at the 4-position of a thiazole ring had little influence on spectral properties. Also, in the cases of 2e and 3f, which have both an ethoxycarbonyl group and a methyl group, the values of the l max , the F.l max , and the e were similar to those of 2d and 3e, having only an ethoxycarbonyl group, respectively. Thus, the introduction of 1704 Vol. 48, No. 11 a methyl substituent on the azole ring had little influence on spectral properties in both the oxazole and thiazole series. Next, the influence of the position of a substituent at the 4-or 5-position on an azole ring was examined. In 2-[F]-azole-COOC 2 H 5 , 5-substituted compounds (2d, 3e) showed larger l max values, F.l max 's, and e's in comparison with 4-substituted compounds (2c, 3d; 2-[F]-azole-4-COOC 2 H 5 ). In comparisons between 4-and 5-substitued compounds themselves in the oxazole and thiazole series, the influence of an ethoxycarbonyl or a phenyl substituent in the 5-position was greater than that of the same substituent in the 4-position. Such influence of an ethoxycarbonyl group was also observed in the structure of 4b, which is a positional isomer of 2d.
In general, the introduction of an electron-withdrawing substituent at the 5-position on 2-[F]-azoles caused bathochromic shifts, with larger e and enhanced RFI. This suggests the correlation of a push-pull system between a C7-electron donating group on a coumarin ring and a C5-electron-withdrawing group on an azole ring. Such a correlation may be explained analogously to that of a push-pull system between a C7-electron donating group and a C3-electronwithdrawing group on the coumarin ring. 2a,10) v) Quantum Yields of Selected Coumarin-azoles The quantum yields of selected coumarin-thiazoles and coumarin-oxazoles showed smaller values than that of 1 (Table 5) . Compared with the parent compounds themselves, the quantum yield of 3a showed a slightly larger value than that of 2a. Other 2-[F]-thiazole-R (3c, 3e, 3h) also showed similar values to the corresponding 2-[F]-oxazole-R (2b, 2g), except for 2d. It was difficult to explain why the quantum yield of 2d showed a lower value than those of the other 2-[F]-azole-R (2b, 2g and 3c, 3e, 3h).
In conclusion, among the coumarin-azoles synthesized in this study, 2-[F]-thiazoles (3) were found to be most appropriate to fluorophore for fluorometric analysis, and the introduction of an electron-withdrawing substituent at the 5-position in this system would predominantly contribute to the enhancement of the relative fluorescence intensity of 7-diethylamino-3-thiazol-4-yl-chromen-2-one. Therefore, in the molecular design of strongly fluorescing coumarin-azoles, 2-[F]-thiazole-R 3 is one of the most promising candidates as a fluorophore from the viewpoint of larger molar absorptivity and stronger fluorescence intensity. Of these, 3e showed the largest molar absorptivity and the highest fluorescence intensity. In addition, some of the coumarin-azoles synthesized in this study may serve as fluorophores for new application in various science fields, since they have excitation maxima at a longer wavelength region, being above 400 nm.
Experimental
All melting points were determined on a Yamato melting point apparatus (model MP-21) and are uncorrected. Infrared spectra (IR) were recorded on a JASCO FT/IR-300 spectrometer. Nuclear magnetic resonance spectra (NMR) were taken on JEOL JNM-LA-300 and JEOL JNM-EX-400 spectrometers. Mass spectra (MS) were measured with a Shimadzu GC MS-9100-MK gas chromatograph-mass spectrometer with a direct inlet system. Absorption and fluorescence spectra were measured with a Hitachi 288 dual-wavelength spectrophotometer, and a Hitachi F-4100 fluorescence spectrophotometer. Fluorescence quantum yields were measured with a Hitachi F-4500 fluorescence spectrometer equipped with an R928 photomultiplier (200-900 nm), and were determined according to the method of Parker and Rees, 11) as reported previously, 12) in which fluorescein (uranine) in 0.1 N NaOH solution was used as a standard.
13)
Materials and Methods Fluorescein sodium (uranine, JIS special grade reagent) and ethanol (for fluorometry, Uvasol) were purchased from Kanto Chemical Co., Inc.
7-Diethylamino-3-phenyl-2H-chromen-2-one (1) Compound 1 was synthesized according to the procedure described in a previous paper.
2a)
7-Diethylamino-2-oxo-2H-chromene-3-carboxamide (9) Compound 9 was obtained by ammonolysis of coumarin-3-carboxylic acid ester (ethyl 7-diethylamino-2-oxo-2H-chromene-3-carboxylate; 4.0 g, 13.8 mmol) with 25% NH 4 OH (90 ml) in DMF (90 ml) at room temperature for 16 h. Yield, 82%, mp 218-219°C (lit., 14) mp 229-230°C 
. N-(2-Oxopropyl)-7-diethylamino-2-oxo-2H-chromene-3-carboxamide (10a) Isobutyl chloroformate (273 mg, 2.2 mmol) was added to a solution of coumarin-3-carboxylic acid (7-diethylamino-2-oxo-2H-chromene-3-carboxylic acid; 520 mg, 2.0 mmol) and triethylamine (404 mg, 4.0 mmol) in THF at room temperature, and stirred for several min. Powdered aminoacetone hydrochloride 15) was added to the mixture, and the reaction mixture was further stirred for 16 h. After evaporating THF in vacuo, the residue was chromatographed on silica gel using AcOEt as the eluent to give 10a. Yellow needles (from EtOH), yield 56%, mp 186-188°C. 1 
. N-(2-Oxo-2-phenylethyl)-7-diethylamino-2-oxo-2H-chromene-3-carboxamide (10b) Compound 10b was prepared from coumarin-3-carboxylic acid (780 mg, 3.0 mmol) and aminoacetophenone hydrochloride (669 mg, 3.9 mmol) in a similar procedure (reaction temperature and time: room temperature, 16 h) to that carried out in the preparation of 10a. Yellow prisms (from CHCl 3 -hexane), yield 61%, mp 210-214°C. 1 a) The quantum yield of fluorescein in 0.1 N NaOH solution is arbitrarily taken as 1.00.
cooling. The resulting reagent was added dropwise to a solution of 7-diethylaminocoumarin [7-diethylamino-chromen-2-one] (432 mg, 2 mmol) in DMF (2 ml), and the mixture was stirred at room temperature for 16 h. The reaction mixture was poured into a saturated NaHCO 3 solution, then extracted with AcOEt. The AcOEt extraction was washed with brine and dried over MgSO 4 . After evaporation, the residue was purified by column chromatography on silica gel (AcOEt : hexaneϭ2 : 1, v/v). Orange needles (from CHCl 3 -hexane), yield 49%, mp 159-160°C (lit., 16) mp 160-162°C tion of 3-acetyl-7-diethylamino-2H-chromen-2-one 14) (5.2 g, 20 mmol) and tetra-n-butyl ammonium tribromide (19.3 g, 40 mmol) in CH 2 Cl 2 (100 ml) was stirred at room temperature for 2 d. The resulting precipitates were collected on a filter funnel and washed with AcOEt. Yellow prisms, yield 81%, mp 211-214°C. IR (Nujol) cm 3-(2-Azidoacetyl)-7-diethylamino-2H-chromen-2-one (13) One milliliter of an aqueous NaN 3 (488 mg, 7.5 mmol) and AcOH (0.43 ml, 7.5 mmol) were added to a solution of 12 (1.01 g, 3.0 mmol) in DMF (15 ml), and the reaction mixture was allowed to stand for 2 d at room temperature. The resulting precipitates were collected on a filter funnel. Orange needles, yield 62%, mp 172-175°C. 1 ). Product 13 was used in the next step without further purification.
7-Diethylamino-2-oxo-2H-chromene-3-carbothioamide (14) A mixture of 9 (7.8 g, 30 mmol) and Lawesson's reagent (6.5 g, 16 mmol) in dioxane (170 ml) was refluxed for 18 h. After removing dioxane in vacuo, the residue was chromatographed on a silica gel column (eluent, CHCl 3 ) to give 14. Yellow needles (from CHCl 3 -hexane), yield 71%, mp 216-218°C. 
. 7-Diethylamino-2-oxo-2H-chromene-3-carbohydrazide (15) Compound 15 was prepared from ethyl 7-diethylaminocoumarin-3-carboxylate and hydrazine according to the modified procedure in the literature. 17) Hydrazine monohydrate (3.0 ml, 60 mmol) was added to a solution of ethyl 7-diethylaminocoumarin-3-carboxylate (4.3 g, 15 mmol) in EtOH (40 ml), and the reaction mixture was stirred at room temperature for 12 min. After cooling in an ice bath for 15 min, the precipitates were collected on a filter funnel. Orange needles (from CHCl 3 -hexane), yield 50%, mp 160-165°C. CHCl 3 ) . Yield 79%. Similarly, 8b and 8c were prepared from 16 and the corresponding CH 3 C(OCH 3 ) 3 and PhC(OCH 3 ) 3 , in 55 and 41% yields, respectively.
The physical and analytical data of coumarin-azole compounds (2-8) are listed in Tables 6 and 7 .
Fluorescence Quantum Yields of Selected Compounds Absorbances of the sample solution were kept below 0.2 at the excitation wavelength. Since the quantum yield of fluorescein is dependent on changes in excitation wavelengths, 13) the relative quantum yields were taken as the ratio of [F]-azoles quantum yields to that of the fluorescein at each different excitation wavelength.
